[1] We estimate the long-term crustal strain rate at Yucca Mountain (YM), Nevada from GPS velocities taking into account viscoelastic relaxation following recent earthquakes to remove bias associated with transient deformation. The YM data reveal postseismic relaxation in time series nonlinearity and geographic variation of the transient signal.
Introduction
[2] Since 1999 a dense network of GPS stations has operated continuously to monitor the patterns and rates of strain in the crust near the proposed Yucca Mountain, Nevada high-level nuclear waste repository. This instrumentation makes important contributions to evaluating the suitability of the site since it measures the deformation of the crust, complementing geologic and seismic constraints on hazard. Recent analyses of the GPS data have determined that ∼20 ns/yr (∼1.2 mm/yr across ∼60 km, Figure 1 ) of deformation occurs across the network [Savage et al., 2001a] . This network lies east of, and adjacent to, the southern Walker Lane/eastern California Shear zone (SWL), which accommodates about ∼20% of the relative motion between the Pacific and North America (NA) plates [Dokka and Travis, 1990] . The similarity of strain style and direction between the SWL and YM areas supports the hypothesis that it is tectonic in origin. However, more recent studies found that the strain rate is too large to be associated with SWL faults to the west, suggesting that it could be related to structures local to YM [Wernicke et al., 2004; Hill and Blewitt, 2006] .
[3] During the time of GPS monitoring, the 1999 Hector Mine earthquake occurred approximately 250 kilometers to the south of YM (Figure 1) . A number of studies characterized postseismic deformations that followed this and the 1992 Landers event [e.g., Shen et al., 1994; Deng et al., 1998; Owen et al., 2002; Hudnut et al., 2002; Fialko, 2004] . In particular Freed et al. [2007] showed that because non-linear signals can be observed at least as far from the epicenters as YM, viscoelastic relaxation in the mantle is required. Other candidate mechanisms such as poroelastic rebound and after-slip, while possibly active, cannot explain the signals at YM. As GPS time series have become longer (now >10 years in duration), the resolution of crustal deformation has improved, affording a new opportunity to evaluate the impact of far-reaching transients on strain accumulation rates at YM.
[4] Characterizing long-wavelength viscoelastic transient signals in the data is critical because they can bias estimates of strain accumulation, and could give the false impression that it is not focused on discrete fault systems. Our approach is to infer viscosities that best explain the GPS signals and earthquake source parameter data. We assume that the relaxation signal is superimposed on a background secular velocity field representing the long-term deformation pattern. In the real Earth, complete relaxation is never reached because it is asymptotic and the recurrence time of earthquakes may be less than the relaxation time of the material [Savage and Prescott, 1978] . However, by subtracting the predictions from a viscoelastic earthquake cycle model from the GPS data we can estimate the underlying time-invariant motion, and the present rate of strain accumulation. Strain rates so corrected can be compared to slip rates obtained in geologic investigations.
Data and Analysis
[5] We consider data from 60 GPS stations near YM and the earthquakes that continuously recorded data from 1999 until 2009 with a minimum of gaps and steps owing to equipment changes. These include the 16 sites around YM that are a part of the BARGEN network established shortly before the Hector Mine earthquake (Figure 1 ). We processed these data to obtain time series of daily coordinates with respect to fixed NA (see auxiliary material for details).
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[6] The transient signal in the YM GPS cluster can be seen in the rate changes over 9 years after the Hector Mine event. We calculated rates for each 2.5-year time interval starting with an integral year for each site, with a model that includes amplitudes of annual and semiannual variations. Non-linear signals cause the rate azimuths to rotate to a more northerly direction over time because the rate change is greatest in the north component (Figure 1 ). Systematic rate changes are larger on the east side of YM (e.g., at sites JOHN, MERC, POIN, SKUL, TIVA) gradually decreasing to the west side, where the changes are not consistently greater than the uncertainties in the rates ( Figure S1 ). For example, between 2000.0 and 2002.5 the site JOHN moved 0.4 mm/yr north and 2.6 mm/yr west, while from 2006 and 2008.5 the rate is 1.7 mm/yr north and 2.3 mm/yr west in our NA frame ( Figure 2 ). Formal uncertainties of these rates for 2.5 year time series are 0.2 mm/yr, but may be larger when including time correlated noise. Davis et al. [2003] concluded that a realistic "whole error" uncertainty using data from the YM network was on average 0.15 mm/yr for time series 4.8 to 6.0 years in length, suggesting that uncertainty for our 2.5 year interval rates are likely larger. However, we computed the standard deviation of 2.5 year rates for the 21 northern Basin and Range GPS sites that were used to construct the reference frame (see auxiliary material for details) where the effects of relaxation were presumed to be negligible. These 2.5 year rates vary by between 0.1 and 0.5 mm/yr, with an average of 0.2 mm/yr, suggesting that this level of uncertainty is realistic, but could be as high as 0.5 mm/yr. Figure 1 and Table S1 ). These events vary in style, size, and location, and will contribute differently to the relaxation deformation field at YM. The smallest earthquake, Little Skull Mountain, was included because it was near the YM cluster, though its contribution is negligible in our final model.
Modeling Postseismic Relaxation
[8] We use a Maxwell viscoelastic rheology to model the time dependence of stress relaxation of the lower crust and/ or upper mantle. This rheology has been shown in many studies to adequately describe the time-dependent strains that follow large earthquakes [Bürgmann and Dresen, 2008] . Furthermore it is linear and hence allows us to sum the effects of multiple events occurring at different times in the past to estimate present day motions. We model the response of a spherically layered self-gravitating viscoelastic Earth following seismic dislocations using VISCO1D v.3 [Pollitz, 1997] to predict the effect of the candidate earthquakes on the GPS time series. Inputs are the event parameters, the elastic shear, bulk moduli, and viscosities in intervals of depth ( Figure S2 ). We assume a laterally homogeneous 15-km-thick purely elastic uppermost layer (upper crust) above a 15-km-thick viscoelastic lower crust with a Moho at 30-km depth, which is a simplification based on seismic constraints on crustal thickness [e.g., RichardsDinger and Shearer, 1997] and depth of active seismicity [e.g., Nazareth and Hauksson, 2004] . The upper mantle extends from the bottom of the lower crust to a depth of 515 km. We vary the viscosities of the upper mantle and lower crust in a grid search with values from 10 17 to 10 21 Pa s, in logarithmic steps of one half order of magnitude. For each viscoelastic structure we calculate the total cumulative response between 1992.0 and 2010.0, spanning the time of GPS observation. We evaluate the cumulative response at densely sampled times after the Landers and Hector mine earthquakes (1, 3, 7, 15, 30, 100, 200 days) and yearly for other times, and use piece-wise cubic spline interpolation to estimate the cumulative postseismic displacement on each day Dx ps (t, h LC , h UM ). We subtract the predictions of the model from the GPS time series, and fit it with a function that includes the linear rate v, intercept b and seasonal terms
where w = 2p/yr. Daily positions x(t) are 3 × N vectors where N is the number of data in the time series. We include steps H(t − t k ) to account for coseismic offsets (e.g., the Hector Mine earthquake) and equipment changes. The free parameters (b, v, C i , S i , and D k ) are estimated using a least squares fit. The postseismic model time series have both non-zero slope and non-zero curvature, so correcting the time series will affect rates as well as remove transients to a degree that depends on the viscosities assumed (Figure 2 ).
Results
[9] Of the possible viscosity structures, which is the best model? If deviation from time series linearity is the result of postseismic relaxation, then time series curvature should be removed by subtracting the relaxation model from the data. We use a measure of linearity that compares the rate at the beginning and end of the corrected time series
where v Nij , v Eij represent the north and east velocities for site i (of P sites) for time interval j (of M intervals of 2.5 years). This measure of misfit does not require knowing the velocity before or a long time after the earthquakes since no particular rate before or after the correction is assumed.
Knowledge of the pre-event rate at YM sites would be useful, but is not available because the YM GPS sites were installed just a few months before the Hector Mine earthquake. We apply an F-test that depends on the number of degrees of freedom dof to identify models that are significantly worse than the best model. The non-linearity penalty excludes the model where no correction has been made. Using all the GPS sites, the lowest misfit occurs when h LC = 10 19.5 Pa s and h UM = 10 18.5 Pa s and excludes models with h UM > 10 19 Pa s, h UM < 10 18.5 Pa s and h LC < 10 19 Pa s (Figure 3 ). Considering far-field sites alone (sites >100 km from Hector Mine) only excludes models with h UM < 10 18.5 Pa s.
[10] For each viscoelastic structure we use the corrected time series to estimate the rate of crustal strain and rigid rotation parameters simultaneously [Savage et al., 2001b] . These provide estimates of the long-term shear strain accumulation rate (Figure 3) . Compared to the uncorrected shear strain rate (19.5 ± 0.8 ns/yr) some models reduce the shear strain rate while others increase it. If we only consider models that are not excluded by the linearity constraint to 95% confidence, we find that the shear strain rate is between 20.7 and 25.1 ns/yr. If we demand 99% confidence that the model is significantly worse, the interval widens to 16.3 to 25.1 ns/yr, and thus it is not certain whether the correction will increase or decrease the estimate of strain accumulation rate around YM. This interval is much larger than the formal uncertainties of the uncorrected strain rate, and thus uncertainty in viscoelastic structure dominates the uncertainty budget of long-term strain rate of the crust.
Discussion
[11] Repeating our analysis including only the postseismic model time series from the Landers and Hector Mine events shows that they provide the signal used to restrict the vis- coelastic structure, though there is a contribution to the velocity field from the older events. The older events cause contemporary deformation in the GPS velocity field around southern California and Nevada ( Figure S3 ). They do not help to constrain the viscosities by causing time series curvature because the changes in rates are too slow to be observed between 1999 and 2009. However, these events must be taken into account when estimating the long-term velocities from GPS data, e.g., when using them to evaluate slip rates on faults across southern California and Nevada. Velocities corrected for all the events we consider are shown in Figure S4 .
[12] Owing to the long wavelength character of deformation (>200 km) attributable to viscoelastic relaxation of the upper mantle it is perhaps surprising that a geodetic rate change signal could vary over the relatively small aperture of the YM cluster. However, the geographic variation in changes in rate over time ( Figure S1 ) can be explained by the location of the YM cluster just east of the north-northwest nodal plane associated with Hector Mine and Landers. This is where the models predict that lateral gradients in the postseismic signals are large (Figures S3b and S3c) . Thus the YM GPS cluster is fortuitously located to detect postseismic relaxation from the Mojave earthquakes (Figure 1 ). This close match between model and data suggests that the viscoelastic process is of dominant importance in the far field and that YM rate changes are not attributable to other processes.
[13] While a rigorous comparison between geologic and geodetic data requires detailed analysis, an order of magnitude comparison may be informative. There are <10 subparallel normal fault systems across YM that exhibit Quaternary offset, and each accommodate in the range of 0.001 to 0.05 mm/yr (e.g., see Whitney and Keefer [2000] and chapters therein). So there has been at most ∼0.01 to 0.5 mm/yr of strain release across YM in the recent geologic past. The upper end of this range may be an overestimate, but is similar to 0.6 mm/yr obtained when ∼20 ns/yr GPS strain rate is expressed across the fault zone (∼30 km). Thus the geologic rate is generally lower than the geodetic rate, and thus we might expect the viscoelastic correction to reduce the inferred long-term strain rate to bring these into agreement. Using integrated GPS and geologic constraints imply a strain rate on the lower end of our estimated range (∼16 ns/yr), and that the higher end of the geologic rates are more likely.
[14] GPS data and rock mechanics experiments suggest that more complex or non-linear rheology, rather than the Maxwell model we have assumed, control mantle deformation and cause a stronger time series curvature in the weeks to months following an earthquake [e.g., Karato and Wu, 1993; Bürgmann and Dresen, 2008] . However, the time series curvature we observe at the YM sites following the Hector Mine event is well-explained by our model, and do not exhibit a rapid early-stage relaxation (Figure 2) , in contrast to sites closer to the Hector Mine epicenter [Pollitz et al., 2001] . Whether this is because these signals are too small to be observed at far field sites, or whether the farfield and near-field responses are qualitatively different, is uncertain. If non-linear effects are important, then better modeling of the near-field data (e.g., by including the possible contributions from afterslip and poroelastic rebound) will be required to separate the contributions of non-linear effects. Neither have we considered the effects of lateral heterogeneity in elastic and viscous properties [e.g., Malservisi et al., 2001] substantially across southern California. Adding a greater number of layers, more complex rheology and/or lateral heterogeneity in elastic and viscous properties will improve the fit to the GPS data, particularly in the near-field. Including other sources of epistemic uncertainty in rheology and structure will tend to increase the uncertainty in longterm strain rate, and thus the uncertainties we provide are a minimum. However, our simple model explains the magnitude and geographic variation of the geodetic transient signals at YM, and implies a viscosity structure similar to those found in most previous studies of the Basin and Range (e.g., the majority of which find h LC > h UM and h UM between 10 18 to 10 19 Pa s (see summary table of Hammond et al. [2009] )). Thus this type of modeling offers the promise that postseismic transients can be identified and separated from secular deformation over large geographic areas, and that the impact that these adjustments have on GPS estimates of seismic hazard can be evaluated.
